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Calculations of the correlations between the Rabi frequency on the H3∆1 to C
1Π transition in
ThO molecule and experimental setup parameters in the electron electric dipole moment (eEDM)
search experiment is performed. Calculations are required for estimations of systematic errors in
the experiment due to imperfections in laser beams used to prepare the molecule and read out the
eEDM signal.
The current limit for the electron electric dipole mo-
ment (eEDM), |de| < 9 × 10−29 e·cm (90% confidence),
was set by measuring the spin precession of thorium
monoxide (ThO) molecules in the metastable electronic
H3∆1 state [1]. The measurements were performed on
the ground rotational level which has two closely-spaced
Ω-doublet levels of opposite parity. It was shown that due
to existence of closely-spaced Ω-doublet levels the exper-
iment on ThO is very robust against a number of system-
atic effects [2–5]. Both the state preparation and the spin
precession angle, φ, measurement is performed by opti-
cally pumping the H3∆1 → C1Π transition with linearly
polarized laser beam [1]. The transition to ground rota-
tional level of C1Π which has similar to H3∆1 Ω-doublet
structure (see below) is used. Searching for systematic
errors is an important part of the eEDM search experi-
ment. It was found that the dominant systematic errors
in the experiment [1] are due to imperfections in laser
beams used to prepare the molecule and read out the
eEDM signal [6]. In particular, it was found that the
spin precession angle φ has additional systematic con-
tribution Φ due to small changes of the Rabi frequency
dΩr
Ωr
:
Φ = β
dΩr
Ωr
, (1)
where β ∼ 10−3 [6]. The measurement of spin precession
is repeated under different conditions which can be char-
acterized by binary parameters being switched from +1
to −1. The three primary binary parameters are N˜ , E˜ , B˜.
N˜=+1(−1) means that the measurement was performed
for lower (upper) Ω-doublet level of H3∆1. E˜ = sgn(zˆ · ~E)
and B˜ = sgn(zˆ · ~B) define the orientation of the external
static electric and magnetic fields respectively along the
laboratory axis z. The measured precession angle φ can
be represented as [6]
φ(N˜ , E˜ , B˜) = φnr + B˜φB + E˜φE + E˜B˜φEB
+N˜φN + N˜ B˜φNB + N˜ E˜φNE + N˜ E˜B˜φNEB, (2)
where notation φS1,S2... denotes a component which is
odd under the switches S1, S2, ...; φ
nr is a component
which is even (unchanged) under any of the switches.
The eEDM signal is extracted from the N˜ E˜-correlated
component of the measured phase, φNE = deEeffτ [1],
where Eeff = 78 GV/cm [7–9] is the effective electric field
acting on eEDM in the molecule, τ is interaction time.
In case of an ideal experiment only the Ωnrr component is
nonzero. However, changes in the preparation and read-
out laser power correlated with the switch parameters
can lead to nonzero ΩS1,S2...r components. In particu-
lar, the N˜ E˜-correlated component, according to eq. (1),
gives rise to systematic errors in the eEDMmeasurement.
The aim of the present work is to consider ΩS1,S2...r com-
ponents which arise due to various perturbations in the
H3∆1 and C
1Π states.
The basis set describing the H3∆1 and C
1Π states
wave functions can be presented as product of elec-
tronic and rotational wavefunctions ΨH(C)Ωθ
J
M,Ω(α, β).
Here ΨH(C)Ω is the electronic wavefunction of the H
3∆1
(C1Π) state, θJM,Ω(α, β) =
√
(2J + 1)/4πDJM,Ω(α, β, γ =
0) is the rotational wavefunction, α, β, γ are Euler an-
gles, and M (Ω = ±1) is the projection of the molecular
angular momentum J on the laboratory zˆ (internuclear
nˆ) axis. For short, we will designate the basis set as
|H(C), J,M,Ω〉. In this paper the |H, J = 1,Ω,M = ±1〉
and |C, J = 1,Ω,M = 0〉 states which are of interest for
eEDM search experiment are considered.
In the absence of external electric field each rotational
level splits into two sublevels, called Ω-doublet levels.
One of them is even (P˜ = 1) and the another one is odd
(P˜ = −1) with respect to changing the sign of electronic
and nuclear coordinates. The states with P˜ = (−1)J
denoted as e and with P˜ = (−1)J+1 denoted as f are the
linear combination of the states with opposite sign of Ω:
∣∣∣H(C)J, P˜ ,M〉 =
|H(C), J, 1,M〉 ± (−1)J P˜ |H(C), J,−1,M〉√
2
. (3)
The experimental values of the Ω-doubling, ∆(J) =
E(|e, J,M〉) − E(|f, J,M〉) are ∆H = +0.181 J(J +
1) MHz for |H〉 and ∆C = −25 J(J + 1) MHz for |C〉
states correspondingly [1].
2External electric field ~E = E˜E zˆ does not couple the∣∣∣C, J=1, P˜ = −1,M=0〉 and ∣∣∣C, J=1, P˜ = +1,M=0〉
states, whereas the
∣∣∣H, J=1, P˜ = −1,M=± 1〉 and∣∣∣H, J=1, P˜ = +1,M=± 1〉 are coupled:
∣∣∣H, E˜ , N˜ ,M〉 = k(−N˜ ) ∣∣∣H, J=1, P˜=− 1,M=± 1〉
−k(+N˜ )E˜N˜M
∣∣∣H, J=1, P˜=+ 1,M=± 1〉 ,(4)
where
k(±1) = 1√
2
√
1± ∆H(J=1)√
∆H(J=1)2 + (dHE)2
, (5)
dH = −1.612 a.u. is the dipole moment for H state
[10, 11], E > 0 is the magnitude of electric field, E˜ defines
direction of electric field.
Then (disregarding the presently unimportant con-
stant) the Rabi frequency on the H to C transition for
linearly polarized along the x axis laser beam is
Ω0r(P˜ = +1) =〈
H, E˜ , N˜ ,M
∣∣∣x ∣∣∣C, J=1, P˜ = +1,M=0〉
=
√
2
4
dHCk(−N˜ ), (6)
Ω0r(P˜ = −1) =〈
H, E˜ , N˜ ,M
∣∣∣x ∣∣∣C, J=1, P˜ = −1,M=0〉
= −
√
2
4
dHCN˜ E˜k(+N˜ ), (7)
where dHC is H to C transition dipole moment. Eqs.
(6,7) do not take into account interaction with other elec-
tronic and rotational states. Using the angular momen-
tum algebra [12], one can calculate that accounting for
Stark mixing between J=1 and J=2 rotational levels in
H and C states within the first order perturbation theory
gives additional contribution to the Rabi frequency,
Ωr(P˜ = +1) = Ω0r(P˜ = +1)
−N˜k(+N˜ )
(√
2
80
dHCdCE
BC
− 3
80
√
2
dHCdHE
BH
)
, (8)
Ωr(P˜ = −1) = Ω0r(P˜ = −1)
+E˜k(−N˜ )
(√
2
80
dHCdCE
BC
− 3
80
√
2
dHCdHE
BH
)
, (9)
where BH = 0.32638 cm
−1 and BC = 0.322 cm−1 are
rotational constants for H and C states [13], dC = −1
a.u. is dipole moment for C state [11]. Eqs. (8,9) give
nonzero N˜ -correlated component of the Rabi frequency
ΩNr (P˜)
Ωnrr
=
R(+1, P˜)−R(−1, P˜)
R(+1, P˜) +R(−1, P˜) , (10)
R(N˜ , P˜) = k(−N˜ P˜)−N˜k(+N˜ P˜)
(
2
40
dCE
BC
− 3
40
dHE
BH
)
.
(11)
Accounting for interaction with other electronic and ro-
tational states, magnetic field, non ideal laser polariza-
tion can further modify eqs. (8,9) and give rise to cor-
relation of the Rabi frequency to other switch parame-
ters. To calculate possible correlations for the Rabi fre-
quency the numerical calculation was performed. Fol-
lowing the computational scheme of [3, 5, 14], wave-
functions of H and C states in external static electric
and magnetic fields are obtained by numerical diagonal-
ization of the molecular Hamiltonian over the basis set
of the electronic-rotational wavefunctions. Detailed fea-
tures of the Hamiltonian are described in [3]. Compar-
ison of numerical calculations and eq. (10) is given in
Fig. (1). Calculations show that accounting for pertur-
bations described above does not lead to notable changes
in
ΩN
r
(P˜)
Ωnr
r
. One sees that
ΩN
r
(P˜)
Ωnr
r
calculated at the electric
fields E = 38 and 140 V/cm used in the experiment are
comparable to
ΩN
r
(P˜)
Ωnr
r
≈ 2.5 · 10−3 due to detected laser
power correlation [6]. Though, as stated above, external
electric field does not couple the
∣∣∣C, J=1, P˜ = −1,M=0〉
and
∣∣∣C, J=1, P˜ = +1,M=0〉 states, in the presence of
both electric and magnetic fields the states are coupled.
The latter, together with non ideal laser polarization,
leads to N˜ B˜ correlation of the Rabi frequency. Zeeman
coupling of J=1 and J=2 levels of C state leads to B˜
correlation. Calculations show that
ΩNBr (P˜)
Ωnrr
=
−7.4 · 10−7
G(V/cm)rad
P˜EBdΘ, (12)
ΩBr (P˜)
Ωnrr
=
1.4 · 10−5
G · rad BdΘ, (13)
where dΘ = Θ − π/4, Θ is the elipticity angle which
defines laser polarization ǫˆ = cosΘ(xˆ+iyˆ)+sinΘ(xˆ−iyˆ)√
2
. De-
viation of the laser pointing vector kˆ from the zˆ direction
does not modify eqs. (12,13).
ΩNB
r
(P˜)
Ωnr
r
is suppressed by
the relatively large Ω-doubling of the C state. Other
correlations are several orders of magnitude less than
ΩNB
r
(P˜)
Ωnr
r
and
ΩB
r
(P˜)
Ωnr
r
for fields used in the experiment.
In particular,
ΩNE
r
(P˜)
Ωnr
r
< 10−14 for E = 140 V/cm and
B = 40 mG is too small to give essential systematic er-
ror.
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FIG. 1. (Color online) The Rabi frequency magnitude of the
H to C transition. Vertical lines correspond to electric fields
E = 38 and 140 V/cm used in the experiment.
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